Background: Abnormalities of the mevalonate pathway, an important cellular metabolic pathway, are common in many diseases including cardiovascular disease. The mevalonate pathway related enzyme expressions in pressure overload-induced cardiac hypertrophy and associated diastolic dysfunction remains largely unknown. This study aims to investigate whether the expression of mevalonate pathway related enzyme is altered during the progression of cardiac hypertrophy and associated diastolic dysfunction induced by pressure overload. Methods: Male Sprague-Dawley (SD) rats were randomly divided into two groups: the suprarenal abdominal aortic coarctation (AAC) group and the sham group. Results: Histological and echocardiographic assessments showed that there was a significant cardiovascular remodeling in the AAC group compared with the sham group after 3 weeks post-operatively, and the left ventricular (LV) diastolic function was reduced at 8 and 14 weeks post-operatively in the AAC group, without any change in systolic function during the study. The tissue of the heart and the abdominal aorta proximal to the coarctation showed over-expression of several enzymes, including 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR), farnesyl diphosphate synthase (FDPS), farnesyltransferase-α (FNTA), farnesyltransferase-β (FNTB), geranylgeranyltransferase type I (GGTase-I) and the activation of their downstream proteins was enhanced. Conclusions: AAC induced compensatory LV hypertrophy to decompensatory diastolic dysfunction, accompanied by altered expression of several key enzymes in the mevalonate pathway.
Alteration of Mevalonate Pathway Related Enzyme Expressions in Pressure Overload

Introduction
Heart failure with preserved ejection fraction (HFpEF) is the clinical syndrome of heart failure characterized by impaired diastolic function but normal systolic function [1] . HFpEF, which has the same rate of morbidity and hospitalization as heart failure with reduced ejection fraction (HFrEF), accounts for approximately 40% of heart failure cases overall [2, 3] . Although initially thought to have a superior prognosis, patients with HFpEF are now known to have as poor a prognosis as those patients with HFrEF [4] . With advancements in modern heart failure treatment, the prognosis for patients with HFrEF has improved over the last two decades; however, this is not the case for patients with HFpEF [4] . The most common systemic disease associated with HFpEF is hypertension. Diastolic dysfunction is present in half of patients with hypertension, which along with other stimuli causes an increase in the cardiac mass as well as the reconfiguration of myocardiac proteins [4, 5] .
One study found that pitavastatin had a beneficial effect on LV diastolic function [6] . Additionally, several studies have found a survival benefit in patients with HFpEF who are receiving statin therapy [7] [8] [9] , which mainly exerts a competitive inhibition on HMGR in the mevalonate pathway. The mevalonate pathway plays an important role in many cellular functions, including control of cell growth and differentiation by the synthesis of sterol isoprenoids such as cholesterol and non-sterol isoprenoids such as farnesyl pyrophosphate (FPP) and geranylgeranyl pyrophosphate (GGPP) [10] . Isoprenoids influence the activity of small G proteins such as Ras and Rho through prenylation [11] . Furthermore, treatment with statins before the initiation of LV hypertrophy has been reported to suppress the development of LV hypertrophy [12] [13] [14] .
However, as the mechanism of HFpEF is still not fully understood, the prognosis for these patients remains poor. Although patients with HFpEF may yield benefits from statin therapy, the role of mevalonate pathway related enzymes in pressure overload-induced cardiac hypertrophy and associated diastolic dysfunction remains largely unknown. Therefore, the aim of this study was to investigate whether changes in the expression of mevalonate pathway related enzymes, such as 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGR), phospho-3-hydroxy-3-methylglutaryl-coenzyme A reductase (P-HMGR), farnesyl diphosphate synthase (FDPS), squalene synthase (SQS), farnesyltransferase α (FNTA), farnesyltransferase β (FNTB) and geranylgeranyltransferase type I (GGTase-I) and its downstream small G proteins (Ras, RhoA, Rac, Cdc42) during the progression of cardiac hypertrophy and associated diastolic dysfunction induced by pressure overload (Fig.1A ).
Materials and Methods
Animal Preparation
All animal studies were approved by the Institutional Council for Animal Research of Zhejiang University and performed according to the guidelines for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996). HFpEF was induced by suprarenal abdominal aortic coarctation in male Sprague-Dawley (SD) rats (190-210 grams). After rats in the AAC group were anesthetized, the suprarenal portion of the aorta was exposed and a blunted 22-gauge needle was placed adjacent to the aorta. A ligature (4-0 silk) was snugly tied around both the aorta and the needle. The needle was then removed, leaving the internal diameter of the aorta approximately equal to that of the needle. A sham operation was performed in the same manner in the sham group, without constriction of the abdominal aorta. The animals were housed under controlled environmental conditions and given free access to water and regular chow. was taken to measure the LV internal diameter at end-systole and the LV internal diameter at end-diastole (LVIDs and LVIDd). The interventricular septum wall thickness and posterior wall thickness at the end of the diastolic phase (IVSd and LVPWd) were also measured. The ejection fraction (EF) and LV shortening fraction (FS) were then calculated using the echocardiographic system. A two-dimensional, apical, four-chamber view allowed for measurement of LV inflow peak velocities at both early and late filling stages (E-wave peak velocity and A-wave peak velocity) by pulse wave Doppler. The E/A ratio was then calculated. The mitral valve (MV) inflow E wave deceleration time (DT) was also measured. All measurements were averaged for three consecutive beats.
Hemodynamic Measurement
After echocardiographic recording, hemodynamic studies were performed using the methods previously described at 3, 5, 8 and 14 weeks post-operatively [15] . Biological signal acquisition and processing system (MedLab-U/4C501H, Nanjing medease science and technology Co., Ltd, China) and software (MedLabV6.3, Nanjing medease science and technology Co., Ltd, China) were used to get hemodynamic data. Briefly, after rats were anesthetized, a polyethylene tube (PE50, Becton-Dickinson) was introduced via the right carotid artery to measure the systolic blood pressure (SBP), diastolic blood pressure (DBP), pulse pressure (PP) and mean arterial pressure (MAP). The tube was then further advanced into the LV to measure the heart rate (HR), LV end-diastolic pressure (LVEDP) and LV systolic pressure (LVSP), as well as the maximal rate of rise and decline of LV pressure (±dP/dt max). The tube was withdrawn and the incision of the right carotid artery was gripped with an artery clip. The tube was then inserted into the abdominal artery distal to the abdominal aortic coarctation to abtain SBP, DBP, PP and MAP measurements.
Brain Natriuretic Peptide Measurement
After the hemodynamic studies were completed, a 4 ml blood sample was taken. The plasma was isolated and the level of brain natriuretic peptide (BNP) was measured using a commercially available enzyme immunoassay (EIA) kit (Peninsula Laboratories, Bachem Group, USA).
Histological Analysis
After the blood sample was collected, the heart was quickly excised, and the LV and the right ventricle were separated and weighed. The lungs were also quickly excised and weighed. Sections of the LV free wall and septum were fixed in 10% neutral formalin, embedded in paraffin, and sequentially stained with hematoxylin-eosin and Masson's trichrome. The entire aorta was removed, and two small sections of aortic 
Western blot analysis
Total proteins were isolated from the heart, aorta and liver tissue, and protein concentrations were determined using the BCA method. Proteins (60 μg) were separated in polyacryl-amide gels and transferred onto a polyvinylidene difluoride membrane (Millipore, MA, USA). After blocking, the membranes were incubated with antibodies to HMGR (ab98018, Abcam, UK), P-HMGR (ab78275, Abcam, UK), FDPS (ab38854, Abcam, UK), FNTA (#3335-1, Epitomics, USA), FNTB (ab74206, Abcam, UK), SQS (ab71637, Abcam, UK), GGTase-I (ab122122, Abcam, UK), P-ERK1/2 (#4370, Cell Signaling, USA), ERK1/2 (#4695, Cell Signaling, USA), RhoA (#2117, Cell Signaling, USA), Ras (#3233-1, Epitomics, USA) and GAPDH (ab9485, Abcam, UK). Hybridizing bands were visualized by the enhanced chemiluminescence method. To ensure equal protein loading, GAPDH was used as an endogenous control.
Activation of RhoA, Rac1, Cdc42, and Ras
RhoA, Rac1, Cdc42, and Ras activity was determined by an absorbance-based G-LISA Activation Assay Biochemistry kit (Kit #BK124; #BK128; #BK127; #BK131; Cytoskeleton, Denver, CO, USA) according to manufacturer instructions.
Statistical analysis
Results are expressed as mean ± SEM. One-way ANOVA followed by Bonferroni post hoc test was used to determine significant differences among 3 groups, SPSS version 16.0 (SPSS, Chicago, IL, USA) was used for all analyses. P < 0.05 was considered significant.
Results
Blood Pressure
Hemodynamic parameters such as SBP, DBP, PP and MAP were all greatly elevated in the AAC group compared with the sham group at 3, 5, 8 and 14 weeks post-operatively ( Table   Table 1 
Cardiac and Abdominal Aortic Remodeling
Baseline echocardiographic findings were similar in the AAC and sham groups ( Table  2 ). There was a significant increase in diastolic wall thicknesses (IVSd and LVPWd) at the end of 3, 5, 8 and 14 weeks post-operatively in the AAC group compared with the sham group (P < 0.01, Table 2 and Fig. 1B) . LV weight and the ratio of LV weight to body weight were significantly increased in the AAC group (P < 0.01, Table 3 ). Representative sections of hematoxylin-eosin-stained heart tissue are shown in Fig. 2A . The myocyte cross-sectional area was significantly increased in the AAC group compared with the sham group at 3, 5, 8 and 14 weeks post-operatively (Fig. 2B) . Representative Mallory-Azan stained sections of the LV myocardium are shown in Fig. 2C . Progressive perivascular fibrosis in the myocardium was observed in the AAC group: it increased by 100% at 3 weeks (P < 0.01) and by 600% at 14 weeks (P < 0.01) compared with the sham group. A summary of the perivascular fibrosis data is shown in Fig. 2D .
The AAC group demonstrated obvious abdominal aortic remodeling (Fig. 3A) . The medial thickness in the abdominal aortic segment proximal to the coarctation increased by approximately 35% compared with that in the sham group at 3, 5 and 8 weeks postoperatively, reaching approximately a 60% increase at 14 weeks post-operatively (Fig.  3B) . In the AAC group, the medial thickness in the abdominal aortic segment distal to the coarctation was reduced compared with the segment proximal to the coarctation. The distal segment in the AAC group was also thinner than the same segment in the sham group at 5 and 8 weeks post-operatively (Fig. 3B) .
The LV Systolic and Diastolic Function
The systolic function measured by FS was higher in the AAC group than the sham group at 3 weeks post-operatively (FS, 41.8±0.8 in sham vs. 46.2±1.1 in AAC, P < 0.05, Table 2 ). There Table 2 ). Carotid catheterization showed that the maximal rate of rise of LV pressure (+dP/dt ) was almost twofold elevated in the AAC group compared with the sham group at 3 and 5 weeks post-operatively (+dP/dt mmHg/s: sham, 5908±213, AAC, 10021±745, P < 0.01; +dP/dt mmHg/s: sham, 6521±402, AAC, 10547±656, P < 0.01; Table 1 ). Although the +dP/dt began to decrease in the AAC group at 8 weeks postoperatively compared with the same measurement at 3 and 5 weeks post-operatively, it was still not lowered compared with the sham group (Table 1) . LV diastolic dysfunction first appeared at 8 weeks post-operatively. Parameters of diastolic function (E/A and DT) showed a significant difference between the AAC and sham groups at 8 and 14 weeks post-operatively (Table 2 ). Hemodynamic parameters showed that the maximal rate of decline of LV pressure (-dP/dt ) in the AAC group began to decline at 8 weeks post-operatively, declining to near the level in the sham group at 14weeks postoperatively (Table 1) , although it initially rose at 3 and 5 weeks post-operatively ( Table 1) . The rise of LVEDP at 8 and 14 weeks (P < 0.01, Table 1 ) and the ratio of lung weight to body weight at 14 weeks (P < 0.05, Table 3 ) were further indications of the LV diastolic dysfunction. Increased ventricular expression of the genes encoding for BNP is a hallmark change of cardiac hypertrophy and diastolic dysfunction [16] . We found that the levels of plasma BNP in the AAC group were significantly higher than those in the sham group (Fig.  3C) .
HMGR and FDPS Expression Levels
HMGR, the rate-limiting enzyme for the mevalonate pathway, is one of the most intensively investigated proteins in biochemistry. We found that the expression of HMGR was significantly higher in the heart tissue of the AAC group compared with the sham group, while the expression of P-HMGR was similar in the two groups ( Fig. 4A and Fig. 4C ). However, HMGR and P-HMGR showed no change in the abdominal aorta and liver tissue of the AAC group (Data not shown). FDPS is a key enzyme in the isoprene biosynthetic pathway and directly catalyzes the formation of FPP and GPP [17] . Immunoblots demonstrated that the level of FDPS expression was slightly higher in the heart and abdominal aorta tissue of the AAC group compared with the sham group (Fig. 4A, Fig. 4B, Fig. 4C and Fig.4D ).
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GGTase-I, FNTA, FNTB and SQS Expression Levels
After being synthesized by FDPS, FPP participates in three biological processes, biosynthesis of sterol catalyzed by SQS, farnesylation of Ras by FTase (FTase: FNTA and FNTB), and geranylgeranylation of Rho by GGTase-I [18] . SQS expression did not differ in the heart and aorta tissue between the AAC group and the sham group (Fig. 4A) . The results of immunoblots demonstrated greater levels of FNTA and FNTB in tissue from the heart and abdominal aorta proximal to the coarctation of the AAC group compared with tissue from the sham group (Fig. 4A, Fig. 4B, Fig. 4C and Fig. 4D ). The expression of GGTase-I was increased in the tissue from heart and abdominal aorta proximal to the coarctation in the AAC group at 14 weeks post-operatively (Fig. 4A, Fig. 4B, Fig. 4C and Fig. 4D ), while the expression of 
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GGTase-I was significantly reduced in the abdominal aorta distal to the coarctation in the AAC group compared with the sham group at all ages tested ( Fig. 4B and Fig. 4D ).
The Small G Protein, ERK1/2 Expression Levels and Activity
Total Ras, RhoA, and ERK1/2 protein levels in the heart and aorta did not differ between the sham group and the AAC group (Fig. 4A and Fig. 4B) . A significant Ras/ERK1/2 activation was found in the heart and abdominal aorta tissue in the AAC group compared with the sham group at all ages tested (Fig. 4A, Fig. 4B, Fig. 4C, Fig. 4D, Fig. 5A and Fig. 5B ). We found only slight RhoA activation in the tissue of the heart and abdominal aorta proximal to the coarctation in the AAC group at 14 weeks post-operatively (Fig. 5A and Fig. 5B ). However, activation of Cdc42 and Rac1 was not found in the heart and aorta tissue in the AAC group (Fig. 5A and Fig. 5B ). Data were obtained from 6 rats for each group. *P < 0.01 vs. age-matched sham, **P < 0.01 vs. agematched AAC P, # P < 0.05 vs. age-matched sham. Sham, abdominal aorta close to the coarctation in the sham group; AAC P, abdominal aorta proximal to the coarctation in the AAC group; AAC D, abdominal aorta distal to the coarctation in the AAC group. (C) Plasma BNP in the sham and AAC groups. *P < 0.01 vs. age-matched sham. Chen 
in cardiac mass and vascular smooth muscle cell (VSMC) proliferation [20] [21] [22] [23] . Ras activates a kinase cascade involving Raf, mitogen-activated protein kinases (MAPK) and extracellular signal-regulated kinase (ERK) phosphorylates, which in turn induce cell proliferation and growth regulation that lead to cardiovascular remodeling [24, 25] . Our data confirm and further extend these results. Significant ERK1/2 activation was found in the hypertrophic myocardium and abdominal aorta tissue at 3, 5, 8 and 14 weeks post-operatively, which is consistent with the result of another study [26] . While FTase inhibitors attenuate some of the transcriptional changes in hypertrophic myocytes that are induced by norepinephrine or endothelin-1 (ET-1) [27] . Thus we believe that the elevated expression of FTase in the AAC group may be associated with cardiovascular remodeling in this model. GGTase-I was elevated in the tissue of the hypertrophic LV and the abdominal aorta proximal to the coarctation at 14 weeks in the AAC group. The biological activity of Rho GTPases (RhoA, Rac1, Cdc42) depends on the process of geranylgeranylation by GGTase-I [18] . Thus, elevated GGTase-I levels lead to increased activation of Rho GTPases. However in our experimental model, we only found RhoA activation in the tissue of the hypertrophic LV and abdominal aorta proximal to the coarctation at 14 weeks post-operatively. The small GTPases are a point of convergence of several pathways important in cardiovascular remodeling, including those stimulated by Angiotensin II (AngII), mechanical stress, and growth factors [28, 29] , while AngII inhibition reduces cardiovascular remodeling induced by pressure overload via inhibiting ERK1/2 activiation [26] . Unexpectedly, GGTase-I was suppressed in the atrophic aorta distal to the coarctation, providing further evidence that GGTase-I may play an important role in cardiovascular remodeling.
Increased expression of HMGR and FDPS was found in the hypertrophic LV tissue in the AAC group compared with the sham group at 3, 5, 8 and 14 weeks post-operatively. Simvastatin significantly reduces hypertrophy in rats with pressure overload due to aortic banding [30] . It has been previously demonstrated that selective inhibition of FTase blocks Ras processing and that the inhibition of HMGR interferes with Ras anchorage to cell membrane and its activation by reducing the supply of farnesyl groups [10, 31, 32] . However, the expression of HMGR in the abdominal aorta was not increased in the AAC group. Studies have indicated that the enzymes of non-sterol pathways generally have higher affinities than those of sterol pathways for mevalonate-derived substrates [33] . This may lead to enough toxic accumulation of some intermediates, including FPP and GGPP, despite of the similar level of HMGR expression, which may cause the pathologic cardiovascular remodeling. Statin inhibition of HMGR, the rate-controlling step for polyprenoid and cholesterol biosynthesis, is a less specific way of reducing Ras farnesylation. However, statins reduce the stimulation of protein accumulation by AngII in cardiac myocytes, and importantly, the inhibition can be prevented by mevalonate [34] . FDPS is another key enzyme in the mevalonate pathway, and it catalyzes the formation of FPP and GGPP [17] . With the rise of FDPS in the myocardium and abdominal aorta proximal to the coarctation, there would be increased accumulation of FPP and GGPP, leading to increased isoprenylation of small GTPases. Our previous study found that inhibition of FDPS attenuated cardiac hypertrophy and fibrosis in spontaneously hypertensive rats [35] . Thus it could be inferred that cardiovascular remodeling is associated with increased expression of HMGR and FDPS in this model.
It has been shown that the cardiac renin-angiotensin system (RAS) is associated with the cardiac hypertrophy induced by pressure overload [36] . Previous studies strongly suggest Ang II induce the elevation of FPPS in cardiac hypertrophy [37, 38] . It may infer that the mevalonate pathway is activated partly by pressure overload through the RAS in our model, meanwhile other mechanism like mechanical stretch may also play a role [39] .
Activation of Ras and ERK1/2 were almost identical on either side of the coarctation in our study. AngII, which is the principal mediator of the physiological actions of the RAS, has a long-term effect involving the activation of the Ras signaling cascade [40] . Therefore activation of Ras and ERK1/2 in the abdominal aorta distal to the coarctation may be associated with AngII, which may be paracrined by the cells in the abdominal aorta proximal to the coarctation. Although activation of Ras and ERK1/2 was similar at either side of Cellular Physiology and Biochemistry the coarctation, the hypertrophy was only in the aorta proximal to the coarctation but not distal. A possible explanation for this finding is that many factors participate in the process of cardiovascular remodeling, including mechanical stimulation and activation of proteins associated with cardiovascular reconfiguration. Furthermore, it is possible that the elevated enzymes in the mevalonate pathway may influence cardiovascular remodeling through other pathways in addition to the small GTPases. Previous studies found that HMGR inhibitors inhibited Ras signaling and prevented the LV hypertrophy induced by AAC and the Ras-dependent transition from compensatory LV hypertrophy to diastolic dysfunction [23, 41] . Our study found more conclusive data and further focused on upstream and downstream components of the Ras pathway. In addition to HMGR and FDPS, we also detected no difference between the AAC and sham groups with regards to FNTA, FNTB, GGTase-I, Ras, RhoA, ERK1/2 and ERK1/2 phosphorylation in liver. We also found that the expression of SQS in heart, aorta and liver tissue was not elevated in the AAC group. This finding implies that cholesterol may not play a role in this model.
Although we didn't examine whether inhibition of mevalonate pathway attenuated cardiac hypertrophy and diastolic dysfunction induced by pressure overload, it is reasonable to infer that the mevalonate pathway plays an important role in pressure-overload model. Firstly, our previous study found that the expression of key enzymes in the mevalonate pathway in the heart and aorta was raise in spontaneously hypertensive rats (SHR) [42] , and inhibition of FDPS attenuated cardiac hypertrophy and fibrosis in SHR [43] . Secondly, the antihypertrophic mechanism of statins may involve inhibition of the mevalonate pathway [30, 44] , and statins prevented LV hypertrophy development in pressure-overload animals through inhibiting Ras signaling [41] . Meanwhile, Ventricular expression of ras fusion gene induced cardiac hypertrophy and selective diastolic dysfunction in transgenic mice [23] , and mechanical stretch-induced cardiac hypertrophy was linked to mevalonate pathway [39] .
In conclusion, the data presented in this study document that pressure overload induced compensatory cardiac hypertrophy to decompensatory diastolic dysfunction, and the alteration of the expression of key enzymes in the mevalonate pathway in the heart and aorta is implicated in the process of cardiovascular remodeling and diastolic dysfunction, likely through the Ras/MAPK/ERK pathway. Our findings indicate that the manipulation of key enzymes and downstream small G proteins in the mevalonate pathway may open the field for novel therapies, offering many potential therapeutic targets for the management of refractory diastolic dysfunction and HFpEF in the future.
